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SUMMARY 


Mixtui'ee  of  aluminum  chloride  and  some  organic  chloride  salts  form 
new  gaits  that  are  IL.uid  at  room  temperature.  The  properties  of  the 
organic  salt  often  have  a  large  effect  on  the  physical  and  electro¬ 
chemical  properties  of  the  melts.  We  describe  here  a  method  for  pre¬ 
dicting  the  reduction  potentials  for  a  variety  of  organic  cations  that 
might  be  candidates  to  form  low  melting  mixtures  with  aluminum  chlor¬ 
ide.  The  method  involves  calculation  of  lowest  unoccupied  molecular 
Orbital  energies  for  cations  and  estimations  of  half-wave  reduction 
potentials.  Comparisons  of  predicted  and  measured  potentials  are  made. 
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PREFACE 


This  report  describes  work  in  progress  that  is  part  of  a  project 
designed  to  develop  new  low  temperature  electrolytes  for  battery 
applications.  Calculations  and  experiments  on  new  cations  are  con¬ 
tinuing  and  the  complete  results  will  be  reported  at  a  later  date. 
The  experimental  portions  of  this  report  were  performed  as  part  of  an 
AF  Reserve  project  by  Capt  Hussey. 


! 


introduction 


Molten  salt  electrolytes  for  primary  and  secondary  battery  cells 
have  been  the  subject  of  intense  interest  in  recent  years.  In  a 
search  for  low  melting  salts  we  have  studied  mixtures  AlCl^  and 
alkali  halides  (1-3),  and,  more  recently,  mixtures  of  AlCl^  and 
1-alkylpyridinium  halides  (4,5).  Some  examples  of  the  1-alkyl- 
pyridiniura  chloroaluminates  are  liquids  at  room  temperature  and  have 
been  examined  in  detail  by  us  and  others  (6).  One  attractive  feature 
of  these  ambient  temperature  melts  is  that  the  basicity,  as  expressed 
by  Cl~  concentration,  is  controllable  over  a  very  wide  range.  This 
is  important,  since  the  chemistry  of  solutes  is  greatly  affected  by 
the  melt  basicity. 

Osteryoung  showed  that  a  basic  chloroaluminate  melt  using  the 
l-butylpyridinium  cation  will  react  with  aluminum  electrodes  (7). 
This  implies  that  batteries  using  such  an  electrolyte  would  be  con¬ 
strained  to  using  anodes  less  active  than  aluminum.  Gale  (8)  and  we 
(9)  have  shovru  that  the  reaction  that  limits  the  use  of  active  metal 
electrodes  is  reduction  of  the  alkylpyridiniura  cation,  followed  by 
coupling  to  produce  l,l'-dialkylbipyridyls.  The  reaction  with 
aluminum  in  the  basic  melts  may  be  avoided  only  by  substituting  for 
the  alkylpyridinium  a  cation  that  has  a  reduction  potential  more 
cathodic  than  Al(lII)  +  3e  Al“  in  the  melt. 

We  report  here  a  metho  1  by  which  alternate  cations  for  chloro¬ 
aluminate  melts  may  be  screened  using  calculated  electron  affinities. 
We  also  report  experimental  verification  of  the  usefulness  of  the 
method. 
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experimental 


Calculation  of  LUMO  energies  were  made  using  the  MNDO  program 
kindly  provided  b  M.  J.  S.  Dewar.  The  program  was  run  on  a  Burroughs 
6700  or  a  Digital  Equipment  Corp.  VAX  computer. 

The  alkylpyridinium  chlorides  (10)  and  dialkylimidaiRolium  chlor¬ 
ides  (11,12)  were  prepared  by  methods  dsesetibed  previously.  Tetra- 
methylforniamidinium  chloride  was  prepared  exactly  as  reported  by 
Kantlehner  and  Speh  (13). 

Reduction  half-wave  potentials  were  obtained  in  DMF  containing  0.1 
M  tetrabuty lammonium  perchlorate  at  a  rotating  disc  electrode  (1500 
RPM).  Potentials  were  measured  at  25"C  versus  a  saturated  calomel 
electrode  isolated  from  the  bulk  solution  via  a  Vycor  tipped  bridge 
tube.  The  solution  was  preaaturated  with  and  maintained  under  a 
blankeL  y£  dry  nitrogen  gas; 

RESULTS  AND  DISCUSSION 

The  energy  of  the  lowest  unoccupied  molecular  orbital  (LUMO)  is 
obtained  directly  from  the  MNDO  molecular  orbital  calculation.  The 
LUMO  energy  calculated  by  the  MNDO  method  is  the  gas  phase  electron 
affinity  (EA)  of  the  molecule  (lA).  Furthermore,  the  solution  reduc¬ 
tion  potential  may  be  calculated  from  the  electron  affinity,  the  dif¬ 
ferential  solvation  energies  and  a  constant  characteristic  of  the 
reference  electrode  (15).  Since  the  cations  being  considered  are  all 
similarly  sized,  the  differences  in  solvation  energies  were  neglected 
and  a  direct  correlation  between  LUMO  energies  and  potentials 
was  made  as  shown  in  equation  1. 

Ej^y2  (reduction)  =  EA  +  C  (l) 
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The  large  diversity  and  numbers  of  organic  compounds  makes  an 


exhaustive  screening  of  prospective  cations  an  overwhelming  task.  In 
this  study  the  types  of  organic  cations  considered  were  limited  to 
those  where  the  positive  charge  was  accommodated  by  a  quaternary 
nitrogen.  Two  such  classes  of  cations  that  have  been  useful  in  elec¬ 
trochemical  systems  are  the  tetra-alky lammonium  ions,  often  used  in 
supporting  electrolytes,  and  the  1-alkylpyridinium  ions. 

The  ability  of  the  1-alkylpyridinium  chlorides  to  form  ambient 
temperature  molten  salts  in  combination  with  AlCl^  provided  good 
precedent  to  investigite  other  cations  based  on  pyridine.  Table  I 
lists  some  pyridine  based  cations.  Compounds  II-IV  have  a  single 
variable  length  alkyl  substituent  on  the  ring  nitrogen.  The  remaining 
cations  have  a  methyl  group  on  the  nitrogen  and  one  to  three  methyl 
substituents  the  ring  carbons.  Compounde  VI-VIII  have  one  additional 
methyl,  IX  has  two  additional  methyls  and  X  has  three  additional.  The 
LUMO  energies  calculated  for  all  of  the  1-alkylpyridinium  cations  fall 
into  a  rather  narrow  range.  This  is  somewhat  surprising,  since  the 
presence  of  electron  inducing  substituents  on  the  pyridine  ring  might 
be  expected  to  help  stabilize  the  positive  charge,  therefore  decreas¬ 
ing  the  LUMO  energy  and  shifting  the  E]^2  <^abhodically .  Although  X 
has  the  lowest  LUMO  energy,  it  is  only  0,09  eV  lower  than  the  much 
studied  V,  which  is  easily  reduced  by  aluminum  in  basic  melts. 

Many  quaternary  nitrogen  cations  not  based  on  pyridinium  may  be 
envisioned.  Table  II  lists  some  cations  that  were  screened  for  their 
possible  resistance  to  reduction  by  calculating  LUMO  energies.  The 
aromatic  6-membered  heterocyclcs  having  two  ring  nitrogens  (XI--XI1I) 
were  predicted  to  be  more  easily  reduced  chan  the  alky Ipyridinium 


cations,  thus  they  were  poor  candidates  for  providing  melts  with  a 
lower  cathodic  limit.  The  aromatic  5-membered  heterocycles  having  two 
ring  nitrogens  (XIV-XVIII)  have  LUMO  energies  significantly  lower  than 
the  pyridinium  based  cations.  The  LUMO  energies  for  the  amidine  (XIX, 
XX)  and  guanidine  (XXI,  XXII)  based  cations  are  also  lower. 

The  dialkylated  imidazoles  have  calculated  electron  affinities 
about  0.9  eV  lower  than  a  typical  N-alkylated  pyridine,  implying  a 
like  magnitude  shift  in  reduction  potentials.  Comparison  of  the 
measured  values  for  V  and  XVI  shows  a  cathodic  shift  of 

0.80  V,  very  close  to  that  predicted  by  the  MNDO  method.  A  decrease 
in  the  reduction  potential  of  that  magnitude  would  make  the  cathodic 
limit  more  negative  than  an  aluminum  reference  in  a  melt  comprised  of 
a  mixture  of  AlCl^  and  excess  1 ,3-dialkylimidazolium  chloride. 

Figure  2  illustrates  the  correlation  between  the  calculated  LUMO 
energies  and  measured  half-wave  reduction  potentials  for  some  of  the 
compounds  in  Tables  I  and  II,  The  correlation  supports  linear  rela¬ 
tionship  predicted  by  equation  1,  although  the  scatter  is  quite  sub¬ 
stantial.  The  1,2-dimeth/lpyrazoliuro  cation  (XIV)  is  a  puzzling 
case.  The  predicted  reduction  potential  for  that  cation  is  about 
-1.6V  vs  SCE.  The  chloride  was  prepared  and  the  measured  reduction 
was  found  to  be  -2.24V  vs  SCE.  This  is  the  most  negative  value  of  any 
of  the  heterocyclic  chlorides  prepared  to  date,  and  merits  further 
investigation  as  a  component  of  a  chloroaluminate  molten  salt.  The 
fact  that  the  extraordinarily  negative  reduction  potential  of  (XIV) 
was  not  predicated  by  the  MNDO  method  demonstrates  that  the 
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calculations  can  only  be  used  as  a  general  guide,  and  that  exceptions 
may  be  expected.  The  pyridinium  cation  (I)  may  or  may  not  be  well 
correlated.  A  very  vide  range  of  measured  £^^2  (^'^duction)  values 
have  been  reported  in  the  literature,  and  are  shown  as  a  bar  in  Figure 
2.  The  variation  is  probably  due  to  differences  in  solvent, 
counter-ion,  or  method  of  determination. 

The  geometry  optimization  feature  of  the  MNOO  program  proved 
valuable  in  two  cases  where  the  concept  of  electronic  induction  alone 
would  have  given  the  wrong  answer.  Usually,  the  substitution  of 
methyl  groups  for  hydrogen  atoms  in  cations  significantly  decreases 
the  electron  affinity,  thus  making  the  reduction  potentials  more 
negative.  This  is  demonstrated  in  Table  III,  where  XXV  is  lower  than 
XXIV  and  XXIX  is  lower  than  XXVIII.  The  effect  is  due  to  stabiliza¬ 
tion  of  Che  positive  charge  in  the  cation  by  the  electron  inducing 
effect  of  the  methyl  group,  and  the  predicted  behavior  is  well  sub¬ 
stantiated  experimentally  for  XXV,  XXIV,  XXIX  and  XXVIII.  As 
expected,  XXVII  is  predicted  to  have  a  more  mgative  LUMO  energy  than 
XXVI.  It  was  surprising  initially  when  XXXI  was  calculated  to  have  a 
higher  (less  negative)  LUMO  energy  than  XXX.  The  explanation  is  clear 
when  the  MNDO  predicted  geometries  are  examined,  as  shown  on  Figure 
2.  The  presence  of  six  methyl  groups  in  XXXI,  while  electronically 
favorable,  sterically  prevents  the  delocalization  of  charge  among  the 
three  nitrogen  atoms.  If  one  methyl  group  is  removed  ■  each  nitro¬ 
gen  as  in  XXXII,  the  geomefy  flattens  and  delot  :on  should  be 

allowed.  This  is  verified  in  Table  III  for  compou>  X'll,  where  the 
Criroethyl  substituted  cation  does  have  a  more  negative  LUMO  energy 
than  the  non-methyl  substituted  parent  (XXXK 
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CONCLUSIONS 


Molecular  orbital  calculations  may  be  used  to  estiwate  the  reduc¬ 
tion  potentials  of  a  variety  of  organic  cations.  This 

information  may  be  used  to  select  promising  cations  for  the  prepara¬ 
tion  of  chloroaluminate  melts,  where  the  cation  will  not  react  with 
active  metals  in  the  basic  region.  Cations  based  on  imidaeole  were 
calculated  to  have  sufficiently  low  reduction  potentials  that  they  are 
attractive  candidates  for  chloroaluminate  melts.  The  method  cannot 
predict  physical  properties;  however,  cations  similar  in  size  to  the 
previously  studied  1-alkylpyridinium  cations  might  also  be 
expected  to  form  ambient  temperature  melts  . 
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TABLE  I 


Pyridinium  Based  Cations 


Cation 

-LUMO  Energy 
(eV) 

Ei/2  («d) 

tv) 

pyridinium  (l) 

6.01 

-0.472 

l~methylpyridinium  (II) 

5.84 

-1.28 

i-ethylpyridinium  (Ill) 

5.75 

-1.34 

l-propylpyridinium  (IV) 

5.72 

-1.15 

l-butylpyridinium  (V) 

5.70 

-1.209 

1,2-dimethylpyridiniuin  (VI) 

5.74 

1,3-dimethylpyridiniuin  (VII) 

5.76 

1,4-dimethylpyridinium  (VIII) 

5.76 

1,2,4-triiaethylpyridinium  (IX) 

5.71 

l,2,4.6-tetramethylpyridinium  (X) 
l-butyl-4-(dimethyLainino)pyridinium  (XXXl) 

5.61 

-1.824 

TABLE  II 


Non-pyridinium  Based 

Cations 

Cation 

-LUMO  energy 
(eV) 

Eiyo  (red) 
(V) 

l-methylpyridazinium  (XI) 

6.30 

l-methylpyrimidinium  (XII) 

6.23 

l-methylpyrazinium  (XIII) 

6.03 

1, 2-dimethylpyra2olium  (XIV) 

5.31 

-2.241 

1 jS-dimethylimidazolium  (XV) 

4.86 

-1.981 

l-methyl-3-ethyliraidazoli.um  (XVI) 

4.78 

-2.007 

l-methyl-3-butyliinidazolium  (XVII) 

4.70 

-2.001 

1 , 2 ,3-trimethy limidazolium  (XVIII ) 

4.83 

formamidinium  (XIX) 

5.55 

tettamethylformamidiniutn  (XX) 

4.89 

-1.83 

guanidinium  (XXI) 

4.81 

hexamethylguanidinium  (XXll) 

4.95 

tetramethylaminonium  (XXIII) 

4.37 

‘near  decomposition  limit  of  solvent 
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TABLE  III 


Compound  -LUMO  energy  Compound 
(R  -  H)  (eV)  R  " 


I 


XXIV 


6.01  XXV 


RjN  NR2  XVI  5.55  XXVII 

\\  / 

CH 


k 


NR4 


XXVIII  4.94  XXIX 


★ 


,NR2 


I 

NR2 


XXX 


RHN.  NHR  XXX 

I 

NHR 


i 


4.81  _  XXXI 


4.81  XXXII 
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-LUMO  energy 
(eV) _ 


5.8A 


4.89 


4.37 


4.95 


4.47 


I  R:  H 
II  R:  M« 

III  R:  Et 

IV  R:  Pr 
V  R:  Bu 


VI  VII  VIII 


fX 


X  XXXI 


XV  R:  M« 
XVI  R:  Et 
XVII  R:  Bu 


XVIII 


FIGURE  1 

Cation  Structures 
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Y  Y  *** 

N  N  XX  R: 

R'"^'  ''R 

I 

H 


R 

1 

+  N 


N. 


R'^ 

I 

R^  ^R 


XXI  R:  H 
XXII  R:  Ms 


Me 

+  1 

Me-N“Me  XXIII 

I 

Me 


FIGURE  I  (Continued) 
Cation  Structures 
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ABBREVIATIOMS  AND  ACRONYMS 


LUMO 


MNDO 


DMF 


RPM 

^1/2 

eV 


V 


SCE 

£A 


Lowest  Unoccupied  Molecular  Orbital 

Modified  Neglect  of  Diatomic  Overlap 

d imethy 1 foimamide 

revolutions  per  minute 

half-wave  potential 

electron  volt 

volt 

standard  calomel  electrode 
electron  affinity 


